Abstract
INTRODUCTION
Size-asymmetric competition among individual plants is defined as an over-proportional size advantage in resource competition (Schwinning and Weiner 1998) . It occurs when initially larger plants pre-empt a disproportionate share of the resources in competition with smaller individuals, and it has huge effects on plant population dynamics and community structure (DeMalach et al. 2016; Kohyama 1992; Schwinning and Fox 1995) . Size-asymmetric competition appears to be common, and most of the evidence suggests that the mechanism is usually 'one-sided' competition for light (Schwinning and Weiner 1998) : larger plants shade smaller neighbours but not vice versa (Weiner and Thomas 1986) . Below-ground competition can be more complex since resources are distributed in three dimensions (Casper and Jackson 1997) . A large plant with large roots may have an advantage in competition over a small plant with small roots, but this advantage does not appear to be 'over-proportional', so below-ground competition seems to be 'size-symmetric', i.e. uptake of contested resources is proportional to size. Most experimental data on competition below ground support this generalization (Berntson and Wayne 2000; von Wettberg and Weiner 2003) , but it has been hypothesized that certain soil conditions may lead to sizeasymmetric competition below ground. In a heterogeneous soil with a patchy distribution of resources, a larger plant may be able to reach a patch and pre-empt the resources before the roots of smaller plants arrive (Schwinning and Weiner 1998 ).
In addition, we hypothesize that when competition occurs in a young plant stand, where the root systems are continuously exploiting soil at increasing depth, below-ground competition may have a directional element as roots grow into unexploited soil. Under such conditions bigger plants may come into contact with limiting soil resources first, leading to pre-emption and thereby size-asymmetric competition.
A few studies have found evidence for size-asymmetric competition below ground, but the experimental designs make this conclusion questionable in each case. Fransen et al. (2001) showed that soil heterogeneity may lead to asymmetric competition, but their experimental setup did not allow them to completely exclude above-ground competition. Rajaniemi (2003) performed a greenhouse experiment with Bromus inermis, Hieracium caespitosum and Achillea millefolium, each in competition with B. inermis, and claimed to provide evidence for size-asymmetric competition below ground in one out of three cases tested, but the statistical analysis does not exclude the possibility that the asymmetry was due to above-rather than below-ground interactions. Increased plant size variation due to increased soil heterogeneity is not in itself evidence for size-asymmetric competition, because such heterogeneity can cause increased size variation without invoking competition if there are nutrient-rich and -poor patches with large and small individuals, respectively (Casper and Cahill 1996) .
On the other hand, there is much evidence in support of the hypothesis that below-ground competition is size-symmetric both under field (Bartelheimer et al. 2008; Cahill and Casper 2000) and greenhouse (Berntson and Wayne 2000; Blair 2001; von Wettberg and Weiner 2003) conditions. The relationship between plant size and resource uptake in crowded stands of Betula alleghaniensis was size-symmetric below ground and size-asymmetric above ground (Berntson and Wayne 2000) . In a controlled field experiment with 15 N-labelled nitrate, there was evidence for size-symmetric below-ground competition in five different species (Bartelheimer et al. 2008) . In contrast to most studies, which have focused on growth, Bartelheimer et al. (2008) studied the nitrate uptake of the target plant, and they found that the competitive effect of a neighbour on nitrate uptake was primarily explained by the size of the root system. We attempted to create experimental conditions in which current hypotheses suggest that asymmetric competition below ground is most likely to occur. We modified the experimental approach of von Wettberg and Weiner (2003) , in which there is a high-nutrient patch in a lower nutrient soil, to give plants a more natural rooting depth and a more natural, low nitrogen (N) soil. We grew initially larger versus smaller individuals under three different soil conditions, including with versus without a high N patch 20-30 cm below the soil surface, and analysed growth, competition and N accumulation, to ask whether a high-nutrient patch in the soil could result in size-asymmetric competition below ground, as hypothesized.
MATERIALS AND METHODS

Experimental design
The experiment was conducted in the greenhouses of the University of Copenhagen, Frederiksberg, Denmark. Triticum aestivum L. var. Audi (winter wheat) individuals were grown in 100 cm tall, cylindrical containers with a diameter of 75 mm, constructed from plastic piping. The growth media consisted of a low nutrient clay soil from the University's experimental farm Taastrup, DK, mixed with one-third sand. The same amount of soil mixture was added to each container and then compacted; 1.98 g of ground fertilizer per container (4% P, 20.8% K, 7.4% S, 1.2% Mg and 0.1% Cu; PK Gødning, Kolding Omegns Foderstof, Kolding, Denmark) was mixed into the soil before the soil was added, leaving N as the primary limiting soil resource. The soil contained 3.7 mg N/kg, which corresponds to 26.9 mg N/container. Prior to sowing, each container was watered with 20 ml of water.
Three different soil treatments were established: A Patch treatment and two different control treatments. In the Patch treatment, 0.1 g of calcium ammonium nitrate was added to the soil in a 10 cm layer at a depth of 20-30 cm in the soil column. This is a doubling of the total N in the soil volume. There are several possible control treatments in such a design (von Wettberg and Weiner 2003) . One control is to keep the total amount of resources in the soil volume the same as the Patch treatment ('Homogenous'), and another control is to have only the background resource level of the Patch treatment ('Low'). In the Homogenous treatment, 0.1 g of calcium ammonium nitrate was distributed to the upper 50 cm of the soil, keeping the total amount of N in the upper 50 cm of the container the same as for the Patch treatment. In the Homogeneous treatment, seedlings experience higher N-levels from the beginning than in the Patch treatment, which can affect their initial growth, and thereby their final size, whereas in the Low treatment no N fertilizer was added, resulting in a lower total soil N level.
Several authors have agreed that the best way to generate initial size differences for experimental purposes is via age differences (e.g. Rajaniemi 2003; Ramseier and Weiner 2006; von Wettberg and Weiner 2003) . 'Large' (i.e. older) plants were sown into the containers on 15 October 2008 and 'small' plants 1 week later. Three seeds were sown in each location and thinned to one seedling 1 week after germination. A week after sowing the first germination was observed. There were five different planting combinations: large + large, small + small, large + small, large alone and small alone. The experiment was planned with four replicates. For selected treatment combinations, there were three additional replicates using transparent containers for root measurements. For above-ground plant measurements, non-transparent and transparent containers were considered replicates. Early in the experiment, five transparent containers were damaged in an accident, leaving a total of 132 plants in 82 containers for above-ground measures, including 36 plants in 22 transparent containers for root measures (Table 1 ).
To avoid above-ground competition, white plastic dividers, 42 cm wide and 30 cm tall, were mounted on top of the containers, dividing the space above the soil in two equal halves. The dividers were oriented in a north-south direction to ensure a relatively equal light distribution. Containers with only one plant also had dividers mounted. The containers were placed in four grids, containing 30 containers each. The distance between the containers was ~35 cm, which was sufficient to prevent light competition over the course of the experiment.
The experiment was performed in a greenhouse with supplementary lighting and a day length of 16 hours and a set point temperature of 9°C during the day and 6°C at night. During the day, temperatures rose to ~18°C in October, 12°C in November and 9°C in December. Once every week, the position of all containers was randomized to reduce edge effects and local light variation, and three times per week the containers were rotated 180 degrees to reduce differential shading by the dividers.
All containers were watered by hand with 20-40 ml water three times per week. This amount was deemed sufficient to keep the soil moist throughout the containers while avoiding extensive drainage of water out of the containers and thereby downward movement and possible loss of N.
Measurements
Total leaf length, the sum of the lengths, from ligule to tip, of all leaves, was used as a non-destructive measure of plant size. The plants did not grow long enough to produce secondary tillers or begin flowering. Total leaf length and biomass at time of harvest were highly correlated (r 2 = 0.92) supporting the use of total leaf length as a useful non-destructive measure of plant size here. Total leaf length was measured 14, 21, 28, 35, 42, 49, 56 and 62 days after sowing the small plants.
After the last measurements, all plants were harvested at the soil surface, bagged and dried at 70°C for 2 days. A post-harvest analysis of the N concentration in the biomass was conducted. All individual plants were ground and a subsample was taken and analysed from each individual using a FlashEA 1112 (Thermo Scientific, Delft). The method is based on oxidation of the sample by 'flash combustion' (Krotz et al. 2008) . The transparent containers functioned as rhizotrons where roots growing at the interface between the container wall and the soil were photographed with a digital camera. Only planting combinations with single plants or two plants of the same size were included, as roots from different plants cannot be distinguished. Two images, one from each side of the rhizotron, were taken for each 10 cm on day 23, 30, 37, 44, 51 and 62 after sowing the small plants. Root growth was registered placing a 1 × 1 cm counting grid of horizontal and vertical lines covering the 10 cm photographed area. The images were used to register root depth and root frequency. Root depth was defined as the average of the deepest root observed in each of the two counting grids from each side of the rhizotron. For the calculation of root frequency, we recorded whether any roots crossed the lines in a counting figure consisting of two vertical and two horizontal 1 cm lines (Fig. 1) . Such a counting figure was placed at 20 different sites on each image, two sites per cm depth, and the root frequency was calculated as the percentages of the 40 counting figures, 20 on each side of the rhizotron, where roots had been observed within each 10 cm soil layer.
The deepest root observed is an easily obtained root measure, which gives a rough idea of the root penetration rate. A single root does not influence the soil N level much, so it does not necessarily reveal details about the root-N dynamics. Root frequency does not take the actual number of roots crossing a line in the grid into account, but root frequency data have been shown to be as well or sometimes better correlated with soil nitrate depletion than root intensity data, which in contrast to root frequency counts the actual number of roots Large + large 7 (3) 6 (2) 7 (3)
Numbers represent replicates included in the analyses of aboveground measures. Numbers in parentheses represent replicates in transparent containers for root measurements. A hyphen indicates that the specific treatment combination was not included in the root measurements. ( Kristensen and Thorup-Kristensen 2004; Thorup-Kristensen 2001) . Use of the root frequency measurement is based on the assumption that just a few roots in a given soil volume are sufficient for depletion of nitrate because of the high mobility of the ion in soil solution (Robinson 1996; Robinson et al. 1991) .
To measure the strength of competition, we calculated competitive intensity as [total leaf length alone − total leaf length with a neighbour]/[total leaf length alone] (Miller 1996) . Competition intensity measures the accumulated competitive effect from the onset of competition to the day competition is measured. When measuring competitive intensity repeatedly, this means that periods with the steepest increase in competition intensity show the strongest competition.
Analyses of size asymmetry
While the concept of size symmetry/asymmetry seems to be simple and intuitive, the interpretation of differences in size or growth of competing plants in terms of symmetry/asymmetry is not straightforward. Several of the patterns that have been considered evidence for size-asymmetric competition can be generated by simulation models in which the mechanism of competition is size symmetric (Bonan 1991; Miller and Weiner 1989; Rasmussen and Weiner 2017) . We used two different methods to ask if competition between larger and smaller plants was size asymmetric:
(i) In the first approach, we analysed the growth in total leaf length of target plants from day 35 to day 62 as a function of the total leaf length of their neighbour at the beginning of the interval and asked whether the per-unit-size effect of a neighbour on target growth was different for neighbours smaller than versus larger than the target plant (Ramseier and Weiner 2006) . Both absolute and relative growth rate are usually size dependent, so the choice of a measure of growth should be based on the plants' growth curves. Growth in total leaf length was linear or very close to linear from day 35 until the end of the experiment for all plants (Fig. 2) , so absolute growth rate is the most appropriate response variable here. (ii) In a second approach, we compared changes in the coefficient of variation (CV) of total leaf length of competing large versus small plants with that of randomly selected pairs of non-competing large and small plants over time. Increased size variability at higher density is considered evidence for size-asymmetric competition, and this inference is strongest if plant growth is close to linear and differences in growth rates are primarily due to competition (Rasmussen and Weiner 2017) . Proposed alternative explanations for increasing variability at higher densities have been based on spatial effects (Bonan 1991; Miller and Weiner 1989) , which are not relevant to our design with only 1 or 2 plants per container.
Statistical analyses
The effects of soil treatment and planting combination on total leaf length, biomass, N concentration and competition intensity were analysed with two-way analysis of variance (ANOVA). We used a Tukey test with Bonferroni-Holm corrections for multiple comparisons. For total leaf length and competition intensity, we performed separate analyses for each date. For total leaf length per container, biomass per container and competition intensity, the interaction between soil treatment and planting combination was either not significant or weakly significant (P > 0.01) which together with interaction plots suggests that the trend was generally similar in the three soil treatment, so we reduced the analysis to an additive model to compare the soil treatments directly.
To test whether or not competition intensity was constant over the course of the experiment we used a three-way ANOVA repeated measurements model with a Gaussian decrease correlation structure (Diggle model). Soil treatment and planting combination were included as explanatory variables, and we tested whether there was a linear effect of day.
To test whether the absolute growth of target plants from day 35 to day 62 was different when neighbours were smaller than versus larger than the target plant, we used a three-way analysis of covariance with soil treatment and the binary factor 'neighbour smaller vs. neighbour larger than the target plant' as factors, and total leaf length of neighbour at the beginning of the interval as a continuous variable.
To ask how CV in total leaf length developed during the experiment, the difference in CV between day 21 and 62 was used as a summary measure, and we performed a one-way ANOVA with soil treatment as explanatory variable. Separate models were made for competing and non-competing pairs of large and small plants, because the joint two-way ANOVA did not meet the assumption of homoscedasticity, and transformation did not solve this problem.
Root depth penetration rate was tested in a one-way repeated measurements ANOVA model with a Gaussian decrease correlation structure (Diggle model) on log transformed data, with day as continuous variable.
To test the effect of soil treatment on root depth and root frequency, we used one-way ANOVA's, with separate tests for each day and depth.
All models used met the assumptions of normality and homoscedasticity. Differences are considered significant at P < 0.05. Data analyses were conducted in R version 3.3.2 (R Core Team 2016).
RESULTS
Shoot growth
Above-ground biomass per container was lower in the Low than in the Homogenous and Patch treatments (P < 0.0001 for both pairwise comparisons in a two-way ANOVA), and the mean was 0.77 g (standard error [SE] = 0.06), 1.26 g (SE = 0.06) and 1.43 g (SE = 0.07) for the Low, Homogenous and Patch treatments, respectively. There was no effect of planting combination on biomass per container, i.e. total above-ground biomass of two competing plants was not significantly higher than that of a solo plant, nor did plants' initial sizes have an effect on the biomass produced per container (Data not shown).
Total leaf length per container was also lower in the Low than in the Homogenous and Patch treatments over the course of the experiment (P < 0.0001 for both pairwise comparisons and in a two-way ANOVA for all measuring days from day 35 and onward). The effect of planting combination on total leaf length per container decreased gradually, and by the end of the experiment there were few significant differences among planting combinations ( Fig. 2a-c ; Table 2 ).
Above-ground biomass per individual plant differed among planting combinations, as neighbour size decreased biomass of target plants in the order 'no neighbour', 'small neighbour', 'large neighbour'. Differences were not significant in all cases (Fig. 3) . The same pattern is seen for total leaf length per individual, with an increasing effect over the course of the experiment. Initially larger plants had higher total leaf length than initially smaller plants when compared with the same neighbour size category throughout the experiment, although differences were not significant in all cases ( Fig. 2d-f ; Table 3 ).
Fourteen days after sowing the small plants, competition had reduced total leaf length by 10.2% (SE = 2.60) on average, and reached a 42.4% (SE = 2.16) reduction by the end of the experiment. Soil treatment and planting combination had little effect on competition intensity. Only on day 14 was the intensity of competition between two large plants higher than that between two small plants (P = 0.0026). On days 35, 42 and 49, competition intensity was higher in the Homogenous than in the Patch treatment (P = 0.0175, P = 0.0196 and P = 0.0356, respectively). Competition intensity tended to decrease slightly over the course of the experiment (Data not shown).
On average, the plant shoots in Homogenous and Patch contained 53% of the added N. The concentration of N in the shoots was affected by soil treatment and planting combination, but no clear pattern was seen (Table 3) . Competition decreased the N concentration in the leaves by 12.2% on average (SE = 2.57).
Analyses of size asymmetry
There were significant (P < 0.0001) effects of soil treatment, neighbour size and 'neighbours smaller than vs. larger than Tables 2 and 3. the target plant' on the growth in total leaf length of target plants from day 35 to 62, but there were no significant interactions among these factors. The model accounted for 93% of the variation in growth rate. Pairwise comparison showed that the growth of target plants was higher when the target was larger than the neighbour than when the target was smaller than the neighbour for all three soil treatments (Fig. 4) .
CV by the end of the experiment was significantly different from CV at day 21 (P < 0.001) in all cases. For non-competing pairs of large and small plants, there was no effect of soil treatment, and CV decreased by 28.1% (SE = 4.20) on average. For competing pairs of large and small plants, there was a significant effect of soil treatment (P = 0.016), and CV increased by 26.3, 13.0 and 20.1 (SE = 2.55 for all three) for the Low, Homogenous and Patch treatments, respectively. A pairwise test showed that the Low and Homogenous treatments differed significantly, whereas the Patch treatment did not differ from either of the other soil treatments. CV of competing pairs increased continuously during the experiment. However, in the Patch treatment, CV of competing pairs decreased from day 28 to 35, indicating that the smaller plant had been able to keep up with its larger neighbour during this period. This corresponds with the observation that roots were observed reaching the N rich patch around day 23. After day 35, CV increased again in a fashion similar to the Low treatment (Fig. 5) .
Root extension
The average root depth penetration rate was 1.2 cm/day (SE = 0.07). Root data were unbalanced, and due to the loss of several containers during the experiment, some combinations of soil treatment and planting combinations had less than three replicates. For comparison of soil treatments, data was averaged over all planting combinations to increase the number of replicates. Data did not allow an analysis of the effect of planting combinations on root growth. By the end of the experiment, roots had reached a depth of 58.8 (SE = 4.6), 71.2 (SE = 3.8) and 79.7 (SE = 4.3) cm for Patch, Homogenous and Low treatments, respectively, but only the difference between Patch and Low was significant (P = 0.01). At day 23, root depth was 19.1 (SE = 1.6), 24.3 (SE = 1.3) and 26.8 (SE = 1.5) cm in Patch, Homogenous and Low treatments, respectively, which means that roots in the Patch treatment reached the top of the patch (20 cm) shortly after day 23. In the Homogenous treatment, roots reached the bottom of the fertilized volume (upper 50 cm) around day 44 (Fig. 6a) .
At the end of the experiment, root frequency decreased with depth in a linear fashion in the Low treatment, whereas both the Homogenous and the Patch treatment had more roots in the top 40 cm and fewer in the bottom 60 cm than in the Low treatment. The difference was significant for depths 15, 25 and 75 cm (P < 0.05 for both pairwise comparisons for all three depth; Fig. 6b ). Letters indicate significant differences in a two-way ANOVA including the interaction. Separate analyses were made for each day.
Total above-ground N content per container increased with root depth, but was only significant in the Homogenous treatment (P = 0.037). There was no clear relationship between biomass per container and root depth.
DISCUSSION
Plant growth and competition
Below-ground competition between two plants in our nutrient-poor soils was very strong: two competing plants together did not produce more biomass than one solo plant. Total leaf length of a solo plant was significantly less than that of two competing plants, but the difference was small. Such intense competition offers a good test for the presence of size-asymmetric competition, because size asymmetry is associated with strong competition (Schwinning and Weiner 1998) .
Growth in total leaf length appeared somewhat exponential at the very beginning, but was close to linear after 35 days. Linear growth means that the absolute growth rate of an individual is constant over time and not dependent on its own size. Linear growth is perhaps not surprising in our experimental setup, in which growth is severely limited by soil resources and plants are growing in tall narrow containers, sending their roots primarily in one direction, deeper, to obtain more resources.
Evidence for size-asymmetric competition
The two analytical methods for detecting size-asymmetric competition, (i) the per-unit-size effects of larger versus smaller neighbours on target growth and (ii) the change in size inequality over time, gave similar results: evidence for a degree of size-asymmetric competition ('partial size asymmetry'; Schwinning and Weiner 1998), but the three soil treatments did not differ much. Size asymmetry implies that it is not only the absolute size of the neighbour that determines the effect of competition, but also the size of the neighbour relative to the target. Because both targets and neighbours varied in size there was some overlap in the sizes of neighbours larger than and those smaller than their target, and in these cases larger-than-target neighbours generally decreased target growth rate more than smaller-than-target neighbours in all treatments (dashed line always higher than the solid line in Fig. 4 ). This is evidence for a degree of size asymmetry. The analysis showed highly significant effects of both neighbour size and 'neighbours smaller than vs. larger than the target plant', which together constitute strong evidence for size-asymmetry (Thomas and Weiner 1989) . Letters indicate significant differences in a two-way ANOVA. For total leaf length, separate analyses were made for each day.
Intuitively, asymmetric competition should result in a divergence in the sizes of two unequally sized competing plants over time, but in simple models such a divergence in size can also result from size-symmetric competition (Bonan 1991; Miller and Weiner 1989; Rasmussen and Weiner 2017) . It is therefore important to compare the divergence in sizes during competition with that observed between noncompeting plants. The CV of randomly selected pairs of large and small non-competing plants decreased continuously after 28 days for all soil treatments, whereas the CV for pairs of competing plants increased over time (Fig. 5) . This is further evidence for some degree of size-asymmetric competition. In most models, size-symmetric competition slows the growth rates of both larger and smaller plants such that any divergence in sizes occurs more slowly, so divergence under competition, but not in the absence of competition, is evidence for size-asymmetry.
Differences among the soil treatments
Contrary to one of our hypotheses, evidence for size-asymmetric competition was not strongest when the nutrients were in a patch. Rather, the highest increase in CV occurred in the most nutrient-poor soil and added nutrients decreased size asymmetry. The data also suggest that competition was reduced temporarily when roots reached the nutrient-rich patch, seen as a decrease in competition intensity (Fig. 4) . When nutrient levels are very low, the first roots arriving in a volume of soil can reduce the nutrient levels even further, perhaps below the threshold for further uptake. We hypothesize that at higher resource levels it would take longer for early arriving roots to deplete the resources before the arrival of roots of smaller individuals. Thus, the size asymmetry of root competition may be greatest when resource levels are low, and may not occur when N is supplied at high concentration in pulses, as in studies by Berntson and Wayne (2000) and Bartelheimer et al. (2008) . It is also possible that the 1 week age difference between small and large plants did not provide a large enough time advantage in reaching the nutrient-rich patch.
Our tall, narrow containers resulted in a directional element to root growth and competition, thereby enabling pre-emption of soil resources by the larger plants. This corresponds to some situations in nature and in agriculture, but there will also be other patterns of soil resource availability over space and time in the field. For example, in many agricultural systems nutrients are added from the top of the soil as fertilizer, and the resultant nutrient levels are very high compared to those in natural or semi-natural ecosystems. In some natural ecosystems, nutrients are continuously being made available through mineralization, often occurring where roots are already present, and the rate of mineralization can be increased by root or mycorrhizal exudates (Hendrickson and Robinson 1984) . Our results suggest that below-ground competition is most likely to occur when roots of seedlings proliferate into nutrient-poor soil, which implies that size-asymmetric competition below ground is unlikely in agricultural production systems in which high levels of fertilizer are applied.
The data suggest that the high-nutrient patch temporarily decreased competition and its size asymmetry (Fig. 4) . In an experiment with Arrhenatherum elatius and Calamagrostis epigejos in competition with Festuca ovina under heterogeneous and homogeneous soil conditions, there was an increase of the competitive ability and an increase in N accumulation in plant tissues in the heterogeneous soil treatment (Tuma et al. 2009 ). Similarly, a patchy distribution of fertilizer increased nutrient uptake in Brassica napus under partial root zone drying (Wang et al. 2007 ) and in clonal growth of Glechoma hederacea (Hutchings and Wijesinghe 2008) . Utilization of nutrients in general may be higher when they are heterogeneously distributed (Nakamura et al. 2008) . A patchy distribution of a given amount of N could be an advantage because the N concentration will be higher where it is found, improving uptake there due to a stronger plant-soil N gradient, and/ or because the N is encountered earlier, increasing a plant's initial growth rate. Letters indicate significant differences in a two-way ANOVA using a Tukey test with Bonferroni-Holm corrections for multiple comparisons. Differences are considered significant at P < 0.05. Error bars represent standard error.
Our experiment reflects situations in which plant roots are developing into unexploited areas of soil volume, as in young plant stands growing their roots into deeper soil layers. In this case a bigger plant with deeper roots will reach new soil layers first, and thereby have the possibility to preempt the soil resources, resulting in size-asymmetric competition. The potential for size-asymmetric competition also depends on the soil resource in question. Different nutrients are bound to the soil to different degrees, and there is also variation in how easily they can diffuse towards plant roots. Some resources are depleted slowly (e.g. phosphorus and potassium), whereas others (e.g. N) can be removed from a soil volume more quickly (Schwinning and Weiner 1998) . Wheat has the ability to reduce the soil inorganic N content to very low levels, depending on the depth of its root system (Thorup- Kristensen et al. 2009 ). Size-asymmetric competition can only occur in competition for resources which can be taken up relatively quickly, so a larger plant can exploit its size advantage and use the resource before the smaller plant obtain access to it. Competition for light is instantaneous, creating optimal conditions for asymmetric competition, but one can hypothesize that competition for soil resources such as water and inorganic N, which can be exploited relatively quickly relative to their renewal rates, could also be asymmetric.
Our results show that when competition below ground is very strong it is size asymmetric to some degree (Schwinning and Weiner 1998) and suggest that this size asymmetry is Lines represent the outcome of a three-way ANCOVA with soil treatment and 'neighbours smaller than vs. larger than the target plant' as factors and total leaf length of neighbour as a continuous variable. None of the interactions were significant, but all main effects were. The difference between target-larger-than-neighbour and target-smaller-than-neighbour was significant in all soil treatments. Differences are considered significant at P < 0.05. Abbreviation: ANCOVA = analysis of covariance. strongest when nutrient levels are low and plant roots are growing into new soil volume, not when nutrients are distributed heterogeneously. What role this plays in the field relative to the well documented and much stronger size asymmetry of competition for light awaits further investigation, but it could be important in competition within young plant stands in nature and in agriculture under nutrient-poor or dry conditions.
